HIV prevalence is rising and has been consistently higher among women in Rwanda whereas a decreasing national HIV prevalence rate in the adult population has stabilised since 2005. Factors explaining the increased vulnerability of women to HIV infection are not currently well understood. A statistical mapping at smaller geographic units and the identification of key HIV risk factors are crucial for pragmatic and more efficient interventions. The data used in this study were extracted from the 2010 Rwanda Demographic and Health Survey data for 6952 women. A full Bayesian geo-additive logistic regression model was fitted to data in order to assess the effect of key risk factors and map district-level spatial effects on the risk of HIV infection. The results showed that women who had STIs, concurrent sexual partners in the 12 months prior to the survey, a sex debut at earlier age than 19 years, were living in a woman-headed or high-economic status household were significantly associated with a higher risk of HIV infection. There was a protective effect of high HIV knowledge and perception. Women occupied in agriculture, and those residing in rural areas were also associated with lower risk of being infected. This study provides district-level maps of the variation of HIV infection among women of child-bearing age in Rwanda. The maps highlight areas where women are at a higher risk of infection; the aspect that proximate and distal factors alone could not uncover. There are distinctive geographic patterns, although statistically insignificant, of the risk of HIV infection suggesting potential effectiveness of district specific interventions. The results also suggest that changes in sexual behaviour can yield significant results in controlling HIV infection in Rwanda.
Introduction
Global disparities in the prevalence of human immunodeficiency virus (HIV) infection have been reported repeatedly [1] [2] [3] [4] . It is estimated that 69% of all people living with HIV and acquired immune deficiency syndrome (AIDS) are in sub-Saharan Africa [3] , where 1 in every 20 adults (4.9%) is living with HIV and the majority of them are women [2] . Within sub-Saharan Africa, differences in HIV infection levels have been found across and within countries, and range from less than 1% to more than 26% [4] .
Rwanda is one of the sub-Saharan African countries where, after the first HIV-infected case was discovered in 1983, the virus spread rapidly throughout the country to reach generalized epidemic levels [5] . The national HIV prevalence rate within the adult population (15-49 years) was estimated as being as high as 11% in 2000, and then dropped to around 3.7% [2, 6] in 2001. The national HIV prevalence rate has not decreased since the year 2005 [7, 8] . The 2005 and 2010 Rwanda demographic and health surveys (RDHS) estimated the national HIV prevalence rate among the adult population at 3% [8] .
This national average prevalence rate also masks important within-country variations [8] . For example, total HIV prevalence is more than two times higher in urban (7.1%) than in rural (2.3%) areas. HIV prevalence among women is more than three times higher in the City of Kigali (9.4%) than the national average, while the prevalence in the other four provinces range from 2.5% to 3.2% [8] .
In 2007, HIV prevalence among pregnant women attending antenatal care services fell slightly to 4.3% from an estimated 5.2% in 2003. In 2009, Rwanda was among countries with the largest number of pregnant women living with HIV [2] . The cross-sectional 2005 and 2010 RDHS reported adult women as having an HIV prevalence rate of 3.6% and 3.7% respectively [8] . In general, HIV prevalence in Rwanda has been consistently higher among women across all demographic and socioeconomic layers [7, 8] .
Therefore the control of HIV infection among women must be prioritised to prevent the transmission of the virus to uninfected men and to children during delivery or breastfeeding, which contributes more than 90% of pediatric HIV [9] . In addition, regardless of the offspring's HIV status, there are further benefits in child survival as women are the primary child health care givers [10, 11] .
Nonetheless these benefits cannot be sustained in Rwanda if HIV prevalence among women keeps increasing. Factors explaining the reason HIV prevalence has remained higher among women are not well understood. Effective and efficient HIV prevention interventions presuppose the knowledge of the most influential factors that underlie HIV transmission differentials. Such knowledge is crucial for prioritising HIV interventions in Rwanda, where scarce resources are required in order to achieve the MDG 6 targets due for evaluation in 2015. With such knowledge intervention strategies become more sensitive to the cultural and socio-economic context of the intended community, and address local HIV transmission risk factors [12] . In addition, available resources are deployed where they will yield the highest impact [13] .
A number of studies have investigated risk factors of HIV infection within and across various countries [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These studies have found specific and dissimilar risk factors with the result that country specific results cannot be reliably extrapolated over another country. Each of these studies found different sets of socio-economic [12] [13] [14] [16] [17] [18] [19] 22] , demographic [12, 15, 20, 21] , cultural [16] , and behavioural [12, 13, [15] [16] [17] [21] [22] [23] factors that are associated with the distribution of HIV infection. For example, socio-demographic and cultural factors such as age, marital status, mobility and religion have been associated with the risk of HIV infection [15, 17, 21, 23] . Factors pertaining to household headship were also found important in countries recovering from armed conflicts where members of minor-or women-headed households were more likely to be at a higher risk [25] . Socio-economic factors such as educational attainment, household wealth, type of place of residence, employment, and exposure to mass media are among the reported background risk factors of HIV infection [13, 14, 19] . In addition, factors such as HIV/AIDS stigma and knowledge, age at first sexual experience, and the number of sexual partners have repeatedly been associated with the risk of HIV infection [21, 26] . The occurrence and recurrence of sexually transmitted infections (STI) prepare an open route for HIV entry into the human body [26] [27] [28] [29] [30] . The geographic location where people live also provide measurable and immeasurable factors that shape individuals' behaviour and beliefs as well as their socio-economic performance and hence influence the risk of HIV transmission [16, 20, 31] .
Since more than 8 years, no strategy against HIV infection in Rwanda has resulted in a decline of the national HIV prevalence, which has stabilised at 3%. Therefore, there is a high demand for a more advanced analysis of available data to refine the current understanding of the epidemic in order to assist HIV prevention policy formulation.
This study investigates underlying and proximate risk factors as well as small-area spatial variation of HIV infection among women of reproductive age. The latter constitute one of the most at risk population groups in Rwanda, among whom HIV prevalence has been consistently higher and rising. It is hypothesised that HIV infection not only varies according to underlying and proximate factors but that it also varies across districts. This study aims to identify key determinants of HIV infection among women and to assess district-level spatial variation of HIV infection. It uses a unified, advanced and flexible statistical modelling framework that is capable of detecting small-area variations of spatial effect [20, 32] .
Until the year 2011 such a study was not possible in Rwanda because of data limitations. Although the 2005 RDHS was the first to collect HIV infection data, the 2006 administrative reform hindered such a study as the previous district boundaries were completely modified [33] .
Materials and Methods

Study setting
This study is conducted in Rwanda, a mountainous country of 26338 square kilometres (sq. km). Rwanda is situated in central east Africa between latitude 1°4' and 2°51' south and longitude 28°63' and 30°54' east. It is a completely landlocked country surrounded by the Democratic Republic of Congo to the west, Uganda to the north, Tanzania to the east, and Burundi to the south [8] . The internal as well as international road networks are well maintained facilitating movements of persons and goods.
Rwanda is administratively subdivided into five provincial entities namely the City of Kigali, the Southern, the Northern, the Eastern, and the Western Province. In turn, provinces are subdivided into 30 districts, and 416 Sectors [33] . Table 1 lists the 30 districts of Rwanda according to their corresponding geographic codes used during the 2010 RDHS. Fig. 1 depicts the geospatial arrangement of the districts of Rwanda. Shown on the map is the district-level HIV prevalence rate among women as published by the 2010 RDHS [8] , and the numbers shown on the map correspond to the district codes indicated in Table 1 .
In the year 2012, the Rwandan population totalled 10,537,222 with an annual growth rate of 2.6%. The population is unevenly distributed throughout the country, and is predominantly rural depending mainly on subsistence agriculture [34] . The fertility rate was estimated as high as 4.6 children per woman in 2010, slowly declining from 6.1 in 2005 [8] . The population density has remained among the world's highest and has increased from 321 in 2002 to 416 persons per sq.km in 2012 [34] .
Rwanda has a low (<0,499) human development index (HDI) of 0.429, ranking 166 th out of 187 countries in 2011 on the Human Development Index. In 2011, Rwanda's gross domestic product (GDP) per capita increased to USD 595 from USD 540 for the year 2010. In the year [35] .
Data
The data used in this study come from the most recent Rwanda Demographic and Health Survey (RDHS) conducted in 2010 by the National Institute of Statistics of Rwanda (NISR). The 2010 RDHS is currently the only population-based and nationally representative sample survey in Rwanda that tested for HIV infection and collected large amount of diversified participant's characteristics. Data were collected on the geographic location of each surveyed woman's residence, household characteristics with a large set of behavioural, socioeconomic, and sociodemographic indicators together with individual woman's HIV test result. Details about the 2010 RDHS multistage sample design, data collection methods, and data quality control and assurance are available in the 2010 RDHS report [8] .
According to the same report, in total 12540 households were covered by the survey where 13671 women aged 15-49 were interviewed. Women from half of the surveyed households were also selected for HIV testing and 99% of them provided their consent [8] .
In order to investigate the factors associated with the spread of HIV infection among women, the 2010 RDHS-based woman's data file and HIV test results' data file were obtained from MEASURE DHS, and were matched using relevant case identifier variables. Each woman's HIV test status was matched with her socioeconomic, cultural, behavioural and demographic characteristics including her district of residence. Thus the matched data provided a very rich dataset which enabled, not only the assessment of factors associated with HIV transmission to women, but also the investigation of localised district-specific risk factors of HIV spread among women.
The matched dataset comprised 6592 women aged 15-49 years who were successfully tested for HIV infection as part of the 2010 RDHS. These women constituted a nationally representative sample of women who were 15 to 49 years old and residing in Rwanda during the 2010 RDHS interviews.
Ethics statement
This study does not involve any experiment or interaction with human or animal subjects. It uses secondary data from the 2010 RDHS. The 2010 RDHS protocol for the blood specimen collection and testing for HIV was reviewed and approved by the Rwanda National Ethics Committee, the Institutional Review Board of ICF International, and the Centres for Disease Control and Prevention (CDC) in Atlanta.
Analytic methods
Dependent variable. The outcome variable is the HIV-1 test result which was either positive (coded with 1) or negative (coded with 0). Other possible results such as indeterminate were not observed, leading to a binary response variable.
Covariates. Unlike other infectious diseases the HIV/AIDS incubation period is longer and varies across infected persons. The most successful models of the spread of HIV have been mostly based on underlying and proximate risk factors in describing the risk of infection from infected to susceptible individuals [16, 19, 36, 37] .
The proximate-determinants conceptual framework for integrating demographic and epidemiological approaches to research on HIV [28] played a reference role in the selection of potential demographic, socio-economic, cultural and proximate factors that were used as explanatory variables. The existing literature and factors available from the 2010 RDHS also guided the selection of covariates.
The candidate predictor variables identified from the 2010 RDHS include underlying factors namely the woman's age, sex of household head, age of household head, woman's mobility (away for one month or more in last 12 months), marital status, religion, household's economic status, type of place of residence, woman's education, woman's occupation, woman's exposure to mass media, HIV/AIDS stigma, and knowledge-perception of HIV/AIDS. Selected proximate determinants include the age at first sex, number of sexual partners in addition to husband/regular partner within last 12 months (recent concurrent sexual partner), recent sexually transmitted infections (within preceding 12 months). The District of residence is included to assess probable clustering in HIV test result data. This is modelled as district-level spatial effects. Most of the covariates were recoded to be comparable with the existing studies [19, 20, 31] . In the context of Rwanda, the household headship becomes an important factor that can explain the spread of HIV following the four-year war that culminated in the 1994 Genocide perpetrated against Tutsi where many adult persons, particularly men, were killed.
Economic status represents the level of the household's wealth index. The second and the third quintiles were grouped with the middle into a "medium" household's economic status. The wealth index provides an aggregate measure of the distribution of wealth across respondents' households as it combines information about the household assets, source of drinking water, sanitation, and house characteristics. Only education and employment are not included [38] . Exposure to mass media is measured in the 2010 RDHS using 3 indicators: (i) "Frequency of reading newspapers or magazines", (ii) "Frequency of listening to radio", and (iii) "Frequency of watching television" [8] . The woman's exposure status index was constructed following the classification proposed by Fazle Rabbi [39] as the highest value of the four indicator values. Therefore, the exposure index was categorised as "not exposed" (0 exposed to none), "moderate exposure" (maximum = 1), and "high exposure" (2 and above).
Principal component analysis was used to construct the HIV stigma and knowledge-perception indices [40, 41] . The HIV/AIDS stigma index was created using four indicators for the respondents' accepting attitudes. These were framed as their willingness to (i) take care of a family member with HIV at home, (ii) buy fresh vegetables from a vendor who has HIV, (iii) allow a HIV-positive female teacher to continue teaching, and (iv) let others know the HIV status of family members who have HIV [8] . The stigma index was then classified as 'low', 'medium', or 'high' [41] .
The HIV knowledge-perception index was constructed based on the woman's answers to five indicator questions which asked the respondent whether: (i) a healthy-looking person can have and transmit HIV; (ii) the AIDS virus can be transmitted by mosquito bites; (iii) a person can become infected with HIV by sharing food with someone who is infected; (iv) people can reduce their chances of getting the AIDS virus by using a condom every time they have sex, and (v) people can get the AIDS virus because of witchcraft or other supernatural means [8] . The index was also categorised into 'low', 'moderate', or 'high' levels [41] . An event is referred to as 'recent' if it occurred 12 months preceding the 2010 RDHS.
Statistical analysis. A binary response variable is typically modelled using a binary logistic regression model [32, 42] . The latter offers advantages over other models, such as the probit model, in terms of easier interpretation of analytical results [24, 43] . A univariate standard logistic regression model was used to test for the association of each single covariate with the outcome variable. The association was considered statistically significant at 5% level of significance.
Covariates that have a statistically significant association with the HIV test result were then included in a multivariable analysis based on a geoadditive logit regression model. Data management and univariate analysis were carried out using IBM SPSS Statistics for Windows version 20.0 and multivariable analysis was conducted using BayesX version 2.1, the software for Bayesian inference in structured additive regression models [43] .
Let Y is denotes the binary outcome variable taking on the value "HIV positive", coded with 1, with an unknown probability p. If the set of covariates contains δ categorical covariates L, and v continuous covariates X, then the geo-additive logit model for the woman iresiding in district s; s = 1, . . ., 30 being more likely tested HIV positive is given by equation (1) [22, 32] .
This class of models and its advantages over the classical models have been discussed in details elsewhere [20, 31, 32, 43, 44] . In the left side of equation (1), p is = E[Y is ] represents the probability of woman i from district s testing HIV positive, logit(.) is a logit link function with
. The right side of equation (1),
, is the geo-additive predictor where the parameter vector β = (β 0 , β 1 , … β δ )' is the vector of linear fixed-effects of categorical covariates that are modelled parametrically. The functions f j (.), j = 1, . . ., v represent nonlinear effects of metrical covariates on the outcome status. Thus continuous covariates are modelled non-parametrically making (1) a semiparametric model. The district effect f spat (District s ) represents the spatial effect of districtspecific and random effects. It can therefore be subdivided into structured and unstructured (random) effect as shown in equation (2) [45] .
The inference is fully Bayesian and is based on MCMC simulations, thus all model parameters and variances are random variables. It follows that assumptions and prior distributions of the model parameters have to be specified.
For fixed-effect parameters β independent diffuse priors π(β) / constant are assumed. Typically inverse-Gamma IG(a j , b j ) priors (3) are assigned to all unknown variances t 2 j [46] where constant parameters a j > 0 and b j > 0, and a j = b j = 0.001 is a standard choice for a weakly informative prior.
Nonparametric effects f j (.) of metrical covariates are modelled as Bayesian P-splines as proposed by Lang and Brezger [47] . They are specified through Bayesian penalized splines (Psplines) with partially improper random walk priors for the B-spline coefficients. In effect the classical approximation (4) of the function f j (x j ) as a linear combination of B-splines basis function B m of degree q defined over a grid of k + 1 equally spaced knots [47] :
has its Bayesian analog first-or second-order random walk smoothness priors
with independent and identically distributed Gaussian errors u jm e Nð0; t 2 j Þ and diffuse, locally constant priors π(γ j1 )/ constant or π(γ j1 ) and π(γ j2 )/ constant for initial values [46, 48] .
Second-order random walk smoothness priors and cubic splines were considered in this study data analysis.
The structured spatial components of f spat (District s ), were modelled through Markov random field (MRF) prior as a spatial index of neighbouring districts was defined instead of exact spatial coordinates of the woman's residence [43, 46] . We assumed that districts are neighbours if they share boundaries and the random effects of a district s to be conditionally Gaussian, with the mean of the effects of neighbouring areas as expectation and the variance that is inversely proportional to the number of neighbours n s of district s. That is,
Where s' 2 δ s denotes that district s' is a neighbour of district s. The amount of spatial smoothness was controlled by the variance t 2 spat . It was assumed that all priors for parameters were conditionally independent and all priors were mutually independent. Sensitivity analysis to the choice of prior parameters were carried out with different pairs of parameters a and b. Common values of the hyper parameters are a = b = 0.00001, a = 1, b = 0.005, and a = b = 0.00001 [43, 46, 49] . The latter is the default in BayesX 2.1 and it was used in the analysis of this study data. In general, with well-identified parameters and large sample sizes, reasonable choices of prior distributions have minor effects on posterior inferences [46] .
Model selection. According to proximate-determinants conceptual framework [28] , underlying factors operate through proximate determinants in order to affect the status of health outcomes. These factors are, given the selected factors, clustered into (i) context-related underlying factors: sex of household's head; woman's age; marital status; religion; place of residence; household's economic status; woman's occupation, (ii) intervention program-related underlying factors: HIV-related stigma; and HIV-related knowledge-perception indices), and proximate determinants which include recent STIs, presence of recent sexual partners excluding husband or regular partner, and the age at first sexual intercourse.
Univariate standard logistic regression models were used to identify factors that were individually associated with the HIV test result. After the univariate analysis, this study conducted a series of geoadditive multiple logistic regression analyses. The spatial effects were investigated first. Thereafter, the estimation of more complex models was performed according to the clusters of the selected risk factors. All categorical covariates were dummy coded and the first factor levels, as presented in Table 2 , were considered as reference categories. The following six models were fitted. The short forms used to represent long-name variables that might not be selfexplanatory include EcoStatus for level of household economic status, MStatus for woman's marital status, Age for woman's current age, Place for type of place of residence, Knowledge for HIV knowledge-perception, Ageatsex for woman's age at first sex, and Concurrent for recent concurrent sexual partners.
Model1:η 1 = fstr(District), fitted unadjusted structured district-level spatial effect. Model2:η 2 = f struc (District) + f unstruc (District,), fitted unadjusted total district-level spatial effect.
Model3
: given as: (b indicates that more than one parameter were estimated for the concerned factor according to the number of corresponding dummy variables). The form of the woman's age effect was found to be nonlinear at exploratory analysis. Hence, the woman's age was modelled as a continuous covariate.
Model4: n4 = β1Concurrent + βAgeatsex + β3STIs + f struc (District) + f unstruc (District) Explored the extent to which proximate determinants explain the risk of HIV infection. Model5: Spatial effect was adjusted for both underlying and proximate determinants. The geoadditive predictor is written as
In particular, Model 1 was fitted to examine geographical variation in HIV infection among women due to district-specific characteristics without taking into account any other risk factor. Model 2 investigates potential differences in HIV infection due to both district-level random and structured spatial effects.
For each fitted model, inference was based on Markov Chain Monte Carlo simulation techniques. The results are based on 1000 samples generated with 12000 iterations, 2000 burn-ins by taking every 10 th sample. The estimated geoadditive models were compared based on the Deviance Information Criterion (DIC) values which provide a measure of goodness-of-fit for comparing nested Bayesian models especially when the latter contain nonparametric and random effects. The smaller the DIC, the better the fit [50] .
Results
Women profile and univariate analysis
In total, of 6952 women who provided their blood samples for HIV testing, 266 (3.8%) were HIV positive. The average age of sampled women was 33.56 years and 27.95 years for HIV-positive and HIV-negative women respectively. Table 2 presents the frequency distribution of both infected (prevalence) and uninfected women according to the selected HIV infection risk factors. For continuous covariates the mean and standard deviation are presented. The p-values for the tests for associations of each selected risk factor and the HIV test result are presented in the last column of Table 2 . The univariate variable selection procedure suggested that the sex of the household head, woman's age, marital status, religion, household's economic status, place of residence, woman's occupation, HIV knowledge-perception, HIV/AIDS-related stigma, recent occurrence of sexually transmitted infections (STIs), age at first sexual intercourse, recent concurrent sexual partners had a statistically significant association with the woman's HIV test result.
According to the results in Table 2 , the highest missing data is on the HIV-knowledgeperception index where it is as low as 0.36%. In total 79 cases representing 1.13% of the sample had missing data on at least one of the factors and they were not considered in the subsequent multivariate data analysis. This rate of missing data is low enough (less than 5%) to be inconsequential [51, 52] . We decided to conduct a complete-case data analysis. The cases with missing data on one of the significant factors were dropped from multivariate analysis. The studied sample then reduced to 6873 women, of whom 261 (3.8%) were HIV positive. The following results are based on the reduced sample for which all cases have complete data on each of the risk factors considered for multivariate regression analysis.
Results of geoadditive modelling of HIV infection
The assessment and selection of the model which provides a better data fit was based on the DIC values presented in Table 3 . The measure of model complexity (pD) and the posterior mean deviance
Dstatistics are also reported. Model 5 with the smallest DIC was preferred, although the improvement over Model 6 is quite small (difference in DIC = 1.24). Model 5 is also a very significant improvement of all other Models, with the differences in DIC statistics that are significantly higher than 7 [50] . In addition Model 5 enables an assessment of spatial clustering in HIV test result data that would not be possible with Model 6. It follows that the data interpretation and discussion are based on the results obtained from Model 5.
Unadjusted spatial effects. The maps of the unadjusted posterior mean of district-level structured (A) and total (B) spatial effects (based on Model 2) in Fig. 2 show that, without taking into account the underlying and proximate determinants of HIV infection, the risk of infection was highest in the three districts of the City of Kigali. Unstructured spatial effect map (not shown here) also shows similar pattern. There appeared particular geographic patterns of HIV infection. For example, the districts lying along Lake Kivu (Rubavu, Rutsiro, Karongi and Nyamasheke) presented a moderate risk of HIV infection. A moderate risk is also visualised for all districts neighbours of the City of Kigali (with the exception of Bugesera), for Burera district connecting to Uganda, and for Kayonza which shares border with Tanzania. The three districts of the City of Kigali were associated with higher risk of HIV infection. District-level unadjusted structured ( Fig. 2A) and total (Fig. 2B ) spatial effect maps are practically similar to the map of the HIV prevalence rate among adult women in Fig. 1 .
The 95% (A) and 80% (B) posterior probability maps for the unadjusted total spatial effect, in Fig. 3 , show a significant difference in district level spatial effects on HIV test result. The 95% probability map on Fig. 3A shows that all districts of the City of Kigali are significantly associated with a higher (black colour) risk of HIV infection (credible intervals strictly positive), and that all other districts are not statistically associated (white colour) with the risk of HIV infection. The 80% posterior probability map on Fig. 3B shows however that Rwamagana, Nyarugenge, Kicukiro and Gasabo districts are associated with a significantly higher (black colour) risk of infection, while Gatsibo, Bugesera, Gakenke, Kirehe and Gisagara districts are associated with a significantly lower (white colour) risk of HIV infection. There is no statistically Adjusted effects. Model 5 adjusts spatial effects with the selected underlying and proximate determinants of HIV infection. With the same model the proximate risk factors' effects are also adjusted with the selected underlying factors. Thus, Model 5 allows the assessment of adjusted spatial effects and the identification of the key determinants of HIV infection simultaneously. In the same modelling process the effect of each underlying determinant that is not mediated through proximate and spatial effects is estimated.
Fixed and nonlinear effects. Table 4 presents the results for fixed-effects parameter estimates based on Model 5. The posterior odds ratios (POR), and corresponding 95% credible interval (CI) limits (derived from the 2.5% and 97.5% quantiles of the posterior mean estimates of linear effects) are indicated. Categorical covariates with statistically significant association with the risk of HIV infection include all selected proximate determinants (age at first sex, The results suggest that women living in a female-headed household or in a household with a high economic status are associated with a higher risk of being tested HIV-positive compared with those living in male-headed or low economic status households. This is based on the corresponding PORs of 1.793 with 95% CI: (1.084, 2.835); and 1.737 with 95% CI: (1.084, 2.835) respectively. The 95% CI does not contains 1 indicating that the corresponding fixed-effects are statistically significant. After controlling for the effect of other socioeconomic, demographic factors and spatial effects, the difference in the risk of HIV infection among women residing in rural [POR = 0.755 with 95% CI: (0.621, 0.927)] and urban areas remains statistically significant. The odds of a woman being HIV-infected are more than 24% lower in rural than in urban areas. Similarly, women who lived in a sexual relationship (with a regular partner or husband) but were no longer in such a union (widow, divorced or separated) [POR = 2.067; 95% CI: (1.392, 3.043)] were more than two times more likely to be HIV infected compared with those who were living with their husbands or regular partners. As expected those women who had never lived in a sexual union appeared to be at a lower, but statistically insignificant, risk of HIV infection [POR = 0.851; 95% CI: (0.524, 1.370)] than those who were living in a regular union.
Similarly, it appeared that women whose occupation is other than agriculture, run more than 25% higher odds of being HIV infected (although statistically insignificant) than any other woman. Compared to Christians, the risk of HIV infection is higher among Muslim women [POR = 1.670; 95% CI: (0.815, 3.445)].
Regarding intervention program-related factors, evidences showed that women with a high HIV knowledge-perception index are associated with a statistically insignificant reduced risk of HIV infection [POR = 0.913; 95% CI: (0.502, 1.600)] than women with a low index. However, those women with a low knowledge-perception index are better off than those with a moderate index. Unexpectedly, women with high HIV/AIDS stigma showed a statistically significant low risk of testing HIV-positive [POR = 0.434; 95% CI:(0.262,0.703)] than their counterparts who reported a low HIV/AIDS stigma. However, this should be interpreted with caution as the situation is opposite for women with a medium HIV stigma index [POR = 1.362, 95% CI: (0.988, 1.950)]. Notwithstanding these numerical values, the data show that HIV/AIDS-related stigma is a significant and complex factor of HIV infection among women in Rwanda.
The results also show that all selected proximate determinants have a statistically significant effect on the HIV test result. There is a highly significant association of being HIV positive and the recent occurrence of a sexually transmitted infection (STI) 12 months before the survey [POR = 3.881; 95% CI: (2.737,5.366)]. Women who had a recent STI were about four times more likely to be HIV positive than those who had not any. A statistically significant high risk of infection is associated with having one or more sexual partner in addition to a husband or regular partner [POR = 1.669; 95% CI: (1.093, 2.573)]. The age the woman initiated sexual intercourse remained a statistically significant risk factor for HIV infection after adjusting for all risk factors. Women whose age at first sex was 19 years or above experienced more than 30% lower odds of contracting HIV [POR = 0.666; 95% CI: (0.506,0.884)] than their counterparts whose age at first sex was less than 19 years.
Younger women aged 15-25 years were at a significantly lower but sharply increasing risk of infection. Fig. 4 . depicts the nonlinear effects of the woman's age on the risk of infection along with 95% and 80% credible intervals. The significantly positive and moderately increasing effect attenuates until around the age of 46 years when it levels off and declines slowly, becoming statistically insignificant until the age of 49 years where the 95% credible interval widens and limits have opposite signs. In summary, the woman age's effect on the risk of HIV infection has approximately an oblique inverse U-shape.
Spatial effects. The posterior mean spatial effects estimated with Model 5 are presented in Fig. 5 for the structured (A) and unstructured (B) effects. The map of the total spatial effect pattern is very similar to the unstructured effect map and is not shown here. The 95% and 80% posterior probability maps (not displayed) indicated that there was no statistically significant association of district-level spatial characteristics and the woman's HIV test result. This suggests that there might be a strong relationship between modelled covariates and localised spatial processes that would differently expose resident women to HIV infection. The small difference in DIC between Model 6 and Model 5 (presented in Table 5 ) also evidences a strong association of the covariates and the district-specific spatial factors.
Nonetheless, there are distinctive geographic patterns in both structured and unstructured district-level spatial effects visualised in Fig. 5 . Districts located in the western and central to northern regions of Rwanda are highly affected by structured spatial effect, while the eastern and southern regions show lower structured spatial effects. The western region consisting of districts located along Lake Kivu (with exception of Rusizi) namely Rubavu, Rutsiro, Karongi and Nyamasheke districts show a higher association with the risk of HIV infection. Similarly, are associated with a higher risk of HIV infection the districts of Nyarugenge, Kicukiro and Gasabo districts, which constitute the City of Kigali (largely urban and semi-urban), and its 4 neighbouring districts, namely Kamonyi to its west, Rwamagana to its east, and Rulindo and Gicumbi to its north. Burera district which is the neighbour of both Rulindo and Gicumbi to their north and sharing a border with Uganda is also associated with a higher risk of infection. This pattern has almost an inverse T-shape with the centre of the arm situated in the City of Kigali and the top of the stem being Burera district. The data show that the districts that share borders with Burundi and Tanzania are associated with a lower risk of HIV infection. The majority of them are in the Southern Province.
Sensitivity analysis
The results of the sensitivity analysis of model estimates to the choice of hyper-parameter values for Model 5 are presented in Table 5 . The estimated model parameters do not largely 
Discussion
This study is the first statistical mapping of HIV infection among women in Rwanda that is based on nationally representative and population-based data. In addition, this study uses a data driven unified and advanced modelling framework to simultaneously assess the effects of both key risk factors and spatial processes susceptible of explaining HIV infection differentials [32, 43, 49] . While there has been a strong desire for such studies in various countries [20, 31] , the strength of this study lies in its capability to match individual women's HIV test results with the corresponding women's data from the 2010 RDHS. The matched data provided rich information about potential HIV risk factors. This study shows that women members of women-headed households, and those who were no longer in their former sexual union are associated with a higher risk of HIV infection. The increased risk of HIV infection among divorced, separated and widowed, and the protective effect of living with a regular sexual partner have been reported elsewhere [53] . However, it is difficult to establish whether this is due to their sexual behaviour or HIV infection among their former partners.
There was a significant difference in the risk of infection between rural and urban women that was not mediated through spatial effects. The risk is higher among women residing in urban areas than those residing in rural areas. This has been often reported for other communities [19] . It is argued that in urban areas there is an increased freedom for sexual networking, relaxed attachment to cultural values compounded with a highly diversified and dynamic migration that fuels the spread of HIV [15, 17, 54] . Similarly the economic status improvement parallels increasing risk of infection. Unlike the reported narrowing gap in the risk of HIV infection in South Africa between wealthier and poorest economic classes [19] , there is a significant difference between high and low economic status women in Rwanda. However, the difference between the medium and low economic status women is quite small.
A number of studies reported that educational level and age are associated with the risk of HIV infection [13, 19, 29] . This study found that HIV infection among women increases with age and declines beyond 45 years. On the contrary, the data used in this study could not establish any statistical association between woman's educational attainment and the HIV test result.
The results indicate that the risk of HIV infection among women with a high index of HIV stigma is significantly lower compared with those with a low index. There was however inconsistency in the direction of such protective effect. Women with a low stigma index were better off than those with a medium stigma. This indicates that this factor is more complex and that the result should be carefully interpreted. An explanation is that the influence of the HIV stigma level (as well as HIV-knowledge-perception) continuously competes with and can be cancelled out by other factors such as gender inequality, cultural norms and traditions about sex, and poverty. In such situations, the choice to have sex, to have safer sex, or delay first sex is not a decision over which most women have control [29, 55, 56] . It has been found that HIV stigma is influential for both HIV testing and HIV test result disclosure [26, 30, 41, 57] . Particular attention should be paid to women in occupations other than agriculture as they are more likely to be HIV-infected, and residents of urban areas [17] . In fact, these women constitute an important part of the skilled labour force at higher risk of HIV infection.
Sexually transmitted infections constitute a very strong risk factor of HIV infection among women of reproductive age in Rwanda. Women who reported recent STIs were highly associated with the positive HIV test result. It is very important to note that an occurrence of STIs carries double the risk of HIV acquisition. It not only exposes the woman to an increased risk of infection, but she may also infect her sexual partners with STIs, rendering them more susceptible to HIV infection. The role of STIs in increasing HIV risk has been documented by other studies [27, 58, 59] .
According to the patterns of structured spatial effect, the risk of HIV infection is associated with living in the 3 Districts of the City of Kigali, namely Nyarugenge, Kicukiro and Gasabo, and in four neighbouring Districts including Rwamagana to the east, Kamonyi to the west, and Rulindo and Gicumbi to the north. Burera District, which is the northern neighbour of the latter two districts, is also associated with a higher risk of infection. The reason this rural district is associated with higher spatial effects can be linked with its position in relation to the Volcanoes National Park. The HIV might be largely transported through movements of national and international tourists who are mostly attracted by mountain gorillas. In addition it might also be brought across the border from neighbouring Uganda, where HIV prevalence rates are higher [2, 4] . Socio-cultural practices such as polygamy in this region might be another local risk factor to explain this result.
The second high risk region consists of districts lying along Lake Kivu. It includes Rubavu, Rutsiro, Karongi and Nyamasheke districts. The intense movement between the towns of Goma in the DRC and Gisenyi in Rubavu District, many tourism sites and hotels on the Lake Kivu shore, and many fishery zones where mostly fishermen spend weeks and even months away from their families, may explain higher HIV infections in this region. It was also reported that fishermen's wives in Kenya were more mobile than their husbands and were associated with a higher HIV prevalence [60] . The association of mobility within and across country borders and increased HIV transmission have also been reported elsewhere [15, 61] .
Mobility can also partially explain the statistically insignificant differences in district-level spatial effects in Rwanda whereby well-maintained road networks throughout the country potentially expose low and neighbouring high prevalence areas to an equal risk of HIV infection. In fact, in high prevalence areas HIV awareness, and knowledge about HIV prevention and transmission becomes relatively higher than in low prevalence areas.
In summary, the mapping of HIV infection and the identification of key background and proximate risk factors is crucial for the design of prioritised HIV intervention programs that are responsive to district-specific characteristics including geographic differences. The evidence suggests that HIV interventions would achieve a significant outcome among women in Rwanda if they focus on changing their sexual behaviours. In addition, family-centred interventions would yield positive outcomes, especially if women-headed households are targeted. Sexuality education programs, including late sex debut, and safe sex with a single partner should also be targeted by HIV intervention programs in Rwanda. In addition to prevention, timely diagnosis and treatment of sexually transmitted infections can constitute a very important component of the action against HIV infection. Furthermore, district-specific characteristics should be taken into account while designing HIV interventions. Most importantly, the usual concentration of HIV intervention programs within high prevalence areas would not lead to significant reduction in HIV infection if neighbouring low prevalence areas, where HIV awareness is generally lower, are not equally targeted.
Study limitations
Some covariates in the same cluster have a certain level of correlation which can reduce the precision in the estimated effects. In addition, the construction of a factor index might affect the estimated association of concerned covariates with the dependent variable. This study is also based on a cross-sectional survey whereby some questions are answered retrospectively. Not only causality cannot be established, but also such questions require the respondent to recall how an event happened in the past, such as concurrent sexual partnerships and occurrence of sexually transmitted infections. In addition, due to disclosure problems associated with moral and ethical values, the corresponding cases are more likely to be underreported. This limitation was, to a certain extent, attenuated by only considering events which occurred in the 12 months preceding the survey. However, this may also lead to an underestimation of these factors' effect on the risk of HIV infection which might have occurred more than one year before the survey.
Notwithstanding these limitations, the results of this study remain valid and have significant policy implications for the prevention of HIV spread among women of child bearing age in Rwanda.
Conclusion
The aim of this study was to investigate district-level geographic variation of HIV infection and to identify key risk factors among women of the child bearing age in Rwanda. The study successfully applied a unified Bayesian structured geoadditive modelling methodology on matched HIV test results and other women's data from the 2010 RDHS. The district-level structured, random and total spatial effects, nonlinear effects of continuous covariates as well as the fixed effects of categorical covariates were estimated.
All selected proximate determinants remained statistically significant risk factors after adjusting for underlying factors. Residing in women-headed and high-economic status households, in urban areas, or being separated, divorced or widowed were significantly associated with an increased risk of HIV infection. Geographic patterns of district-level spatial effects were also highlighted on visual maps. Thus, this study provides pragmatic information required for improved policy making that pertains to controlling HIV infection in Rwanda.
The district-level HIV prevalence rate is a contextual proximate determinant which is an average of the dependent variable. It can reflect district-specific characteristics which are partly modelled as structured spatial effects. Including HIV prevalence in the geoadditive predictor would provide insight into the risk of HIV infection when every woman is equally exposed to infected persons [28] . Further studies could explore this possibility. Furthermore, the HIV-/AIDS stigma's effect suggests further research into the interaction effect, mediated through HIV/AIDS stigma, of socio-cultural and behavioural factors on the risk of HIV infection among women in Rwanda.
